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Abstract 

The role of molecular spectroscopy in astrophysics and astrochem- 
istry is discussed in the context of the study of large, complex, carbon- 
bearing molecules, namely, Polycyclic Aromatic Hydrocarbons or PAHs. 
These molecular species are now th ought to be widespread in the in- 
terstellar medium in their neutral and ionized forms. Identifying the 
carriers responsible for unidentified interstellar spectral bands will al- 
low to derive important information on cosmic elemental abundances 
as well as information on the physical conditions (density, tempera- 
ture) reigning in specific interstellar environments. These, in turn, are 
key elements Tor a correct understanding of the energetic mechanisms 
that govern the origin and the evolution of the interstellar medium. A 
multidisciplinary approach -combining astronomical observations with 
laboratory simulations and theoretical modeling- is required to address 
these complex issues. Laboratory spectra of several PAHs, isolated at 
low temperature in inert gas matrices or seeded in a supersonic jet ex- 
pansion, are discussed here and compared to the astronomical spectra 
of reddened, early type, stars. The electronic spectroscopy of PAHs 
in the ultraviolet, visible and near-infrared domains is reviewed and 
an assessment of the potential contribution of PAHs to the interstellar 
extinction in the ultraviolet and in the visible is discussed. 
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1 Introduction 


Molecular spectroscopy plays an important role in astrophysics and in as- 
trochcmistry. This is because photons carry most of the information that 
we are able to remotely access regarding the nature and the composition of 
stellar and interstellar objects that lay far away from Earth. Astrophysics 
covers a wide range of issues ranging from the study of our solar system 
to the study of the interstellar medium (ISM). The objectives of laboratory 
astrophysical studies are to simulate as closely as possible the conditions 
known or expected to exist in a given space environment and to provide 
quantitative data which are relevant for the interpretation of astronomical 
observations. The role of laboratory astrophysics is thus essential for test- 
ing and improving the existing astrophysical models and for providing an 
accurate understanding of astronomical observations (for recent reviews on 
this topic see [31]; [21] for solar system studies and [20], [22] for interstellar 
studies). Laboratory astrophysical studies are illustrated, here, through the 
case of the diffuse interstellar absorption bands (DIBs). DIBs are a set of 
ubiquitous absorption features which remains unidentified since its discov- 
ery by Hcger in 1922. The DIB spectrum consists of more than two hundred 
confirmed interstellar bands including a large number of weak features (For 
a recent review, see [10]; see also Sarre in the same issue). Here, we discuss 
the potential link between the polycyclic aromatic hydrocarbon (PAH) ions 
and the carriers of the bands (for an in-depth discussion see [20], [22]). The 
PAH-DIB proposal has been put forward, more than a decade ago, on the 
basis of the expected abundance of PAHs in the interstellar medium and 
their stability against UV photodissociation [34], [14], [4]. PAHs are now 
thought to be largely responsible for the discrete infrared emission bands 
observed at 3.3, 6.2, 7.7, 8.6 and 11.3 pm in many astronomical objects 
including Mil regions, planetary and reflection nebulae, and the interstellar 
medium of the Milky Way and other galaxies [2]. Recent observations from 
the IR space satellites ISO [16] and IRTS [17] have confirmed that PAHs 
are ubiquitous throughout the general diffuse interstellar medium as well. 
According to the astrophysical model, PAHs are expected to be present as a 
mixture of free, neutral and ionized, molecules following a large size distri- 
bution which range from small, gas-phase, molecules (< 25 carbon atoms) 
to large graphitic platelets [1], [18]. PAHs are considered to form a link 
between the gas and the solid phase of interstellar dust and to be a key 
element for the coupling of stellar FUV photons with the interstellar gas. 
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The PAII-DIB proposal has been tested in the laboratory by measuring 
the spectra of neutral and ionized PAHs taken under astrophysically rel- 
evant conditions. In the laboratory experiments, PAHs have traditionally 
been isolated at very low temperature (5 degree Kelvin) in inert gas (neon) 
solid matrices [23], [24], [25], [26], [27], [5], [6], [15]. Recent developments 
in the detection techniques have allowed to measure, for the first time, the 
spectra of these large molecules and ions in the gas phase either through 
direct absorption with cavity ring down spectroscopy, CRDS [19] or using 
molecular depletion techniques [3]. The UV to NIR wavelength range is 
key element to the potential unambiguous identification of specie PAHs in 
the interstellar medium because of the unique vibronic spectral signature of 
molecules and ions (as opposed to the IR transitions which are only char- 
acteristic of molecular functional side groups). Based on these laboratory 
data and on the available astronomical data, the PAH-DIB proposal has 
been discussed [20], [28], [29] with the conclusion that PAH ions are indeed 
very promising candidates for the DIB carriers. A review of these findings 
is presented in the following sections, 

2 Diffuse interstellar bands 

The diffuse interstellar bands (DIBs) are absorption features superposed on 
the interstellar extinction curve. DIBs have their origin in the diffuse inter- 
stellar medium which is one of the various phases present in the interstellar 
medium (ISM). Ttyc diffuse interstellar medium is characterized by low den- 
sity (25-30 cm~ 3 ) ) cold (T < 100 K) clouds of dust and gas (for a review 
see [32]). DIBs fall in the near ultraviolet to the near-infrared range (4400 
- 10,000 A). The bands are characterized as diffuse because they are broad 
and shallow in comparison to the well-known, narrow, interstellar atomic 
lines. The individual DIBs vary widely in strength and shape, with equiva- 
lent width per magnitude of visual extinction ranging from about 2 A to the 
detection limit of about 0.006 A. The full width at half maximum (FWHM) 
values for the DIBs range from about 0.4 to 40 A 

The identification of the carriers responsible for these features remains 
elusive. Various candidates have been proposed as possible carriers for the 
bands, ranging from impurity-doped dust grains, to free, neutral and ionized, 
molecular species of varying sizes and structures to molecular hydrogen [33]. 
It is generally admitted today, however, that the concept of a single carrier 


must be disregarded due to the large number of bands detected and the lack 
of correlation between the bands. It is now thought that the carriers are most 
probably gas-phase molecules in either the neutral and/or ionized forms and 
that these molecular carriers are part of an extended size distribution of the 
interstellar dust. Structure within the profiles of a few strong DIBs is now 
seen in high-resolution observations ([30], [7], [12], [13]). This structure is 
generally interpreted as the signature of the rotational band structure of 
gas-phase molecules and supports an origin of the DIBs in C-rich molecules. 

Identifying the DIB carriers, which are a significant constituent of the 
interstellar medium, is crucial to a correct understanding of the heating and 
cooling mechanisms governing the origin and evolution of the interstellar 
medium. The cooling of the diffuse clouds through atomic/molecular line 
emission is balanced by the heating of the gas by cosmic rays and photons. 
This latter mechanism is dominated by the coupling of FUV photons {hv > 
13.6 eV) to the gas predominantly through large (polyatomic) molecules and 
small grains (up to 15 A size). 

3 Comparison of the laboratory spectra with as- 
tronomical observations 

The astrochemical study, described below, is based on the comparison be- 
tween observational ancl laboratory data. Heavily reddened stars have been 
selected to facilitate the detection of weak spectral features. The wavelength 
coverage ranges fyom ~3500 A to ~1 0 , 1 00 A with a resolution ranging from 
45,000 to 60,000. The details of the observational procedure are described 
in [29]. 

The experimental studies have been described in [22] and only a synop- 
sis is given here. A proper simulation in the laboratory of the experimental 
conditions reigning in the diffuse interstellar medium requires to combine 
cryogenic techniques with high-vacuum techniques and molecular samples in 
the gas phase. Matrix isolation spectroscopy (MIS) is used, in a first approx- 
imation, to simulate in the laboratory the environmental conditions which 
are close to the conditions known (or expected) in the diffuse interstellar 
medium, fn MIS experiments, the neutral and ionized PAHs are isolated at 
low temperature (< 5 K) in neon matrices where the perturbations induced 
in the spectrum of the trapped molecules and ions are minimum [20], Until 
PAHs can be routinely studied in supersonic jets, MIS remains the best tool 
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available to .simulate the conditions of the diffuse interstellar medium. The 
experimental apparat us used for MIS studies [26] consists of a high- vacuum, 
cryogenic, sample chamber equipped with 4 ports, two gas injection ports 
and a sample holder suspended at the center of the chamber. The sample 
holder is cooled down to 5 I\ by a liquid He transfer cryostat. The spectrom- 
eter is composed of a triple grating monochromator and a CCD detector and 
covers the wavelength range ISO - 1100 nm. The ionization field is provided 
by a microwave- powered, flow discharge hydrogen lamp generating photons 
of 10.2 e\ energy (Lyman a line). The PAH sample is simultaneously con- 
densed with the neon gas onto the cold substrate. The frozen matrix is 
then spectroscopically analyzed. Ions are generated in situ from the stable 
precursor, via vacuum- ultraviolet (VUV) photoionization. VUV irradiation 
of the neutral PAIIs isolated in Ne matrices produces new spectral features 
in the UY-NIR range (1800-10,600 nm). The new features are found to be 
associated with the PAH cation ( PAH + ) formed by direct, one- photon, ion- 
ization of the neutral precursor. Some representative spectra are shown in 
Figures 1 to 4 for the PAH cations phenanthrene (Ch/^Jq), benzo(e) pyrene 
(C'loIIn)' benzo(ghi)pervlene {CyiHyf) and pentacene . 

The ast rophysical implications derived for neutral and ionized PAH have 
been discussed in the literature ([28], [20], [29]) and are recapitulated below: 

(i) The absorption spectra of all small (< 25 C-atoms), neutral PAHs exhibit 
a series of discrete transitions in the UV-NUV range (180 — 400 nm) with 
no absorption in the visible-NIR range . The absorption band energies of 
neutral PAIIs shift towards lower energies (longer wavelengths) when the 
molecular size increases. The absorption band systems are associated with 
vibronic t ransitions between the electronic states of the molecule and can 
be classified, in a first approximation, into very strong (oscillator strength, 
/, of the order of 1), moderately strong (/ of the order of 0.1) and weak (/ 
of the order of 0.001). 

(ii) Contrary to their neutral precursors, ionized PAHs absorb in the visible 
and NJR and could contribute to the DIBs (see Figures 1 to 4). Large 
PAH ions (> 100 rings, i.e., containing more than 250-300 C-atoms) are 
not expected, however, to contribute significantly to the DIBs because their 
strongest absorption falls outside the wavelength range in which the DIBs 
are observed ([28], [20]). 

(iii) The absorption spectrum of PAH cations is dominated by a single band 
in the spectral range of interest for comparison with the DIBs (i.e., NUV- 
NIR; [29]). 
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(iv) In the case of compact PAHs (such as C 20 H 12 and C^//^ shown in 
Figures I and 2), the strongest absorption lies at the high energy end of the 
spectrum and its oscillator strength is of the order of 0.1. In the case of 
non-compact PAHs (such as C u H? 0 and C 22 tfjtj shown in Figures 

3 and 4), the strongest absorption lies at the low energy end of the spectrum 
and has an oscillator strength of the order of 0.1. 

In summary, PAII ions produce one strong band (typical oscillator strength 
of 0.1) together with several weaker features in the NUV-to-NIR range. 


Y\ hen comparing the spectra of heavily reddened stars (Figs 5 - 6) in the 
vicinity of the major PAH ion features measured in laboratory experiments, 
features were searched for in 100 Angstrom windows around laboratory peak 
wavelength positions [29]. The window for comparison covers thus a frac- 
tional shift of 0.5% in energy for the laboratory measured absorption bands 
in agreement with the expected shift induced by the solid matrix environ- 
ment [19], [20]. The findings resulting from such a comparison are reviewed 
in the following section. 

4 Discussion 

DIBs can be roughly classified as strong (band equivalent widths, W \ , >1.0 
A), moderately strong (1.0 A> W\ >0.1 A), and weak (W\ < 0.1 A) [28]. 
There are only 3 ^trong DIBs and less than 50 moderately strong DIBs tab- 
ulated in [10] towards the star IID 183143. All the rest of the DIBs (i.e M 
the vast majority) range from weak to very weak (less than 0.01 A equiva- 
lent widths). All the weak features exhibit the same characteristics as the 
well- known, stronger, DIBs ([7], [12]. [11], [13]) and are also most likely of 
molecular origin. These features are observed in practically all environments, 
including the very diffuse clouds [8]. This indicates that the (molecular) car- 
riers of the weak DIBs must be resistant against the UV photon background. 

As illustrated in Figures to 4, the spectrum of a PAH cation in the 
NUV-to-NIR Spectral range is characterized by a single, strong feature and 
several related weak bands (i.e. weaker by, at least, an order of magnitude). 
The weaker bands associated with a specific PAH ion are expected to be 
observed only when the strongest PAH feature is associated with one of the 
strong or moderately strong, well-known, DIBs. Inversely, if the strongest 
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featuic of a, PA II ion corresponds to one of the weak DIBs observed in our 
spectra (i.e., the features observed al the level of detection) there is, obvi- 
ously, no possibility of detecting the weaker PAH band relatives which would 
be no deeper than 0.00 J of the continuum. In other words, there are two 
scenarii which can be met while attempting to identify specific DIBs with 
specific PAIT ions: (i ) a situation where many absorption bands of a single 
PAII ion correlate with a combination of strong and weak DIBs. This is the 
most rewarding situation where a decisive and unambiguous spectral identi- 
fication can be made based on the comparison of the wavelength positions, 
energy intervals and relative intensities of numerous bands, (ii) a situation 
where the strongest absorption band of a PAH ion correlates with a weak 
DIB. This in itself does not represent a spectral fit. The assignment gains 
credibility, however, if a significant number of PAH ions (10 or more) are 
found to be correlated with weak DIBs. Examining the laboratory (MIS) 
spectra of PAH ions against these two criteria it has become possible to 
identify a number of PAH ions which could be potential DIB carriers [29). 
A third of the elements in the laboratory database exhibit a positive cor- 
relation with DIBs. Because of the small neon matrix-to-gas phase shift, 
the selected PAH ions must then be studied in the gas phase in jet expan- 
sions to provide t he test for a decisive comparison in wavelengths and band 
profiles with the astronomical spectra. Moreover, out of the 24 DIBs which 
are found to fall in the wavelength windows, 7 can be described as strong to 
moderately strong while the rest of the bands range from weak to very weak. 

In conclusion /it has been found that the direct comparison of the MIS 
spectra of PAH ions with the spectra of selected reddened stars cannot yield 
to a decisive, unambiguous, identification of DIB carriers. This is because (i) 
the spectra measured in the laboratory are subject to band position shifts 
induced by the solid matrix and (ii) the stellar spectra contain so many 
interstellar features that only a precise experimental determination of the 
wavelengths of molecular features together with their gas-phase profile can 
allow a definitive identification. A comparison between the MIS laboratory 
data and the astronomical observations is useful, however, when the matrix- 
to-gas-phasc shift is taken into account. The MIS data provide, then, an 
essential guide' for the selection of PAH ions to be spectroscopically stud- 
ied in a jet expansion (i.e., under conditions which mimic the conditions 
reigning in the interstellar medium) much more challenging experimentally. 
The MIS data indicate that a substantial number of PAH ions are promis- 
ing candidates for the DIB carriers. The jet experiments which are just 


now being developed in our laboratory will provide the much needed data 
to definitively assess the validity of the PAH proposal with regards to the 
DIBs. More astronomical surveys of DIB objects are also needed, especially 
in the wavelength ranges which have not been as yet frequently observed. 

Substantial progress has been made in astrochemistry in recent years in 
terms of the amount and the quality of the laboratory and observational 
data available to address important astrophysical and astrochemical issues. 
Solving open questions such as the identity of the carriers of the DIBs, 
the origin of the unidentified infrared emission bands, the nature of the 
materials leading to the observed interstellar extinction in the ultraviolet 
now seems to be within reach. On the laboratory front, the limits of the 
current experimental approach (i.e., MIS in our case) have been reached. 
New techniques in low temperature spectroscopy are now being developed 
or adapted to address these important problems. The combination of a free 
jet expansion with a cavity ring down [19]appears to be the most promising 
approach. 
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Figure captions 

Figure I: The visible-NIR absorption spectrum of the compact PAH cation, 
benzo(e)perylonc (C- 2 oH* 2 ), isolated in a neon matrix at 5 K (From [22]). 

Figure 2; The visible-NIR absorption spectrum of the compact PAH cation, 
benzo(ghi)pervlene (C 22 II 12 ) ’ isolated in a neon matrix at 5 I< (From [22]). 

Figure 3: The visible-NIR absorption spectrum of the non-compact PAH 
cation, phenanthrene (ChII* 0 ), isolated in a neon matrix at 5 K (From [22]). 

Figure 4: The visible-NIR absorption spectrum of the non-compact PAH 
cation, pentaccne (CViH^t)’ isolated in a neon matrix at 5 K (From [22]). 

Figure 5: A sample of DIBs is shown in the 6700 Aregion for 3 reddened 
stars (From [29]). 

Figure G: A sample of DIBs is shown in the 6500 Aregion for 3 reddened 
stars (From [29]). 
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